Syntaxin is a component of t-soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE), which is responsible for docking membrane vesicles at the target membrane and is highly conserved among eukaryotes. In the fission yeast Schizosaccharomyces pombe, the psy1 þ gene encoding a syntaxin 1 homolog was originally isolated as a multicopy suppressor of the sporulation-deficient mutant, spo3, but little is known about the way Psy1 is involved in sporulation.
Syntaxin is a component of t-soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE), which is responsible for docking membrane vesicles at the target membrane and is highly conserved among eukaryotes. In the fission yeast Schizosaccharomyces pombe, the psy1 þ gene encoding a syntaxin 1 homolog was originally isolated as a multicopy suppressor of the sporulation-deficient mutant, spo3, but little is known about the way Psy1 is involved in sporulation.
Here we report the isolation of a sporulation-defective mutant, psy1-S1, generated by random PCR mutagenesis. psy1-S1 also exhibited temperature sensitivity in growth. In psy1-S1 cells, assembly of the forespore membrane (FSM) initiated near the spindle pole bodies during meiosis II, but subsequent expansion of the membrane was severely impaired. Overproduction of the cognate SNARE proteins, Syb1 and Sec9, suppressed both the temperature sensitivity and sporulation defects of psy1-S1. These results indicate that Psy1 plays an essential role in FSM formation coordinated by Syb1 and Sec9.
Key words: membrane traffic; yeast; sporulation; syntaxin Sporulation in fission yeast is an alternative mode of cell division in which four haploid gametic cells are formed in a diploid mother cell. This process includes two overlapping events, meiosis and spore formation, the latter of which accompanies assembly of a doublelayered intracellular membrane, termed the forespore membrane (FSM). 1) At the early stage of meiosis II, the spindle pole body (SPB), a centrosome-like spindle microtubule assembly apparatus, undergoes a morphological transformation from a mono-layered to a multilayered structure, as revealed by electron microscopy. 2, 3) By fluorescence microscopy using an anti-Sad1 (an SPB component) antibody, it is possible to observe the transformation of the SPB from compact dots to crescent-shaped structures. 4) The morphological alterations of the SPB at meiosis are called ''SPB modification,'' and are a prerequisite to the initiation of FSM formation. 5, 6) Membrane vesicles are then transported to the vicinity of the modified SPB and subsequently fuse with one another to generate FSMs. In meiosis II, the FSM expands, and eventually encapsulates each of the four nuclei. 7, 8) A number of S. pombe genes essential to sporulation have been identified. [9] [10] [11] Several genes encode components of a general secretion apparatus. The S. pombe Sec12 homolog, Spo14/Stl1, is necessary for proper construction of the FSM.
12) The S. pombe Spo20 protein (SpSpo20) is structurally and functionally related to the major S. cerevisiae phosphatidylinositol/phosphatidylcholine-transfer protein, Sec14, which is required for vesicle formation from the Golgi apparatus. 13, 14) Soluble NSF attachment protein receptor (SNARE) proteins are also involved in intracellular protein transport and play central roles in facilitating membrane fusion reactions in vesicle transport. They also provide an additional layer of specificity in the transport process by helping to ensure that only correctly targeted vesicles fuse. [15] [16] [17] [18] [19] [20] There are at least 35 different SNAREs in the cells of higher eukaryotes, and 17 in S. pombe. 21) Each associates with a particular membrane-enclosed organelle involved in the secretory pathway. SNAREs exist as complementary sets of vesicle membrane SNAREs (v-SNAREs), and target membrane SNAREs (t-SNAREs). S. pombe has plasma membrane SNARE components, a synaptobrevin Syb1 (v-SNARE), 22) a SNAP-25 Sec9, 23) and a syntaxin 1 Psy1 (t-SNARE). 7) Sec9 is essential both to vegetative growth and to sporulation. psy1 þ was originally isolated as a dose-dependent suppressor of a sporulation-deficient mutant, spo3. Transcription of psy1 þ is constitutive, but is further enhanced during sporulation. Psy1 is essential to growth and localizes to the plasma membrane during vegetative growth and during an early stage of meiosis. Psy1 disappears from the plasma membrane immediately after the first meiotic division and reappears at the nascent FSM. 7) These data suggest that Psy1 also plays an important role in sporulation, but little is known how Psy1 is involved in sporulation.
In this study, we isolated a sporulation-deficient psy1 mutant, psy1-S1, by PCR mutagenesis. Assembly of the FSM was severely impaired in the psy1-S1 mutant. Overexpression of syb1 þ and sec9 þ suppressed both the sporulation defect and the temperature sensitivity of psy1-S1. Our analysis suggests that the FSM is assembled by the fusion of membrane vesicles and mediated by the plasma membrane SNARE complex.
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Materials and Methods
Yeast strains, media, and culture conditions. S. pombe strains used in this study are listed in Table 1 . The strains were grown in complete medium YEA supplemented with 75 mg/ml adenine sulfate and 50 mg/ml uracil. Malt extract medium MEA and synthetic sporulation medium SSL-N and MM-N were used in mating and sporulation. [24] [25] [26] S. pombe cells were grown at 30 C and sporulated at 28 C, except for the psy1-S1 mutant, which was grown and sporulated at 25 C.
Plasmid construction. Plasmid pAL(sec9) was constructed by PCR amplification of the sec9 þ gene using 5 0 -CCCCTCGAG(XhoI)-TAGTCCATCGGAAAGACAGAA-3 0 and 5 0 -CCCGAGCTC(SacI)-TAGCGGCATCAAAGCTGCTCA-3 0 as primers. The PCR product was digested with XhoI and SacI and then ligated into the corresponding sites of pAL-KS, 27) yielding pAL(sec9). Plasmid pAL(syb1) was constructed by PCR amplification of the syb1 þ gene using 5 0 -CCCCTCGAG(XhoI)TGAACCTTTCGCAAGGGATTC-3 0 and 5 0 -CCCGCGGCCGC(NotI)AGGGGAGCAAATATACTAC-3 0 as primers. The PCR product was digested with XhoI and NotI and then ligated into the corresponding sites of pAL-KS, yielding pAL(syb1).
In vitro random mutagenesis of the psy1 N terminus. To screen for sporulation-defective psy1 mutants, in vitro PCR random mutagenesis was performed as described previously.
12) The forward and reverse primers for PCR were 5 0 -CCCCTCGAG(XhoI)TGGTGCATCCAA-TCTCTG-3 0 and 5 0 -CCCGCGGCCGC(NotI)TCACTTTTTCTTACG-AGCT-3 0 respectively. PCR was carried out in a reaction mixture composed of mutagenesis buffer (50 mM KCl, 10 mM Tris-HCl, pH 8.3, 1 mM MgCl 2 , 0.01% Triton X-100, and 0.1 mM MnCl 2 ) and primers, ExTaq DNA polymerase (Takara Bio, Otsu, Japan) and dNTPs (2.5 mM each). The amplified DNA fragment contained the promoter and part of the psy1 þ ORF, which corresponds to the N-terminal 255 amino acids of the Psy1 protein. The amplified fragment was digested with XhoI and NotI and cloned into the corresponding site of pIU. The resulting library was digested at the NdeI site within the psy1 þ gene, and then integrated into the psy1 þ locus of wild-type cells (TN29). Colonies of transformants on SSA plates were then exposed to iodine vapor. Iodine-negative (white) colonies were selected and inspected for zygotic ascus formation.
Fluorescence imaging of living fission yeast cells. To observe GFPtagged Psy1 and Psy1
L139P with chromatin, living cells scraped from an agar plate were suspended in 1 mg/ml Hoechst 33342, a DNA-specific fluorescence dye, and incubated for 15 min. The cells were collected by centrifugation and suspended in MM-N medium. The stained cells were observed under a fluorescence microscope (model BX51, Olympus, Tokyo), and images were obtained using a Cool SNAP CCD camera (Roper Scientific, San Diego, CA).
Immunofluorescence microscopy. The cells were fixed with glutaraldehyde and paraformaldehyde as described previously. 28) In microtubule staining, mouse anti--tubulin antibody TAT-1 29) and Cy3-conjugated secondary antibody (Sigma, St. Louis, MO) were used. To visualize the nuclear chromatin region, cells were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) at 1 mg/ml. The stained cells were observed under a fluorescence microscope (model IX71; Olympus) equipped with a 60Â/1.25 NA oil immersion objective (Plan-Apo, Olympus), a charge-coupled device (CCD) camera (ORCA-ER, Hamamatsu Photonics, Hamamatsu, Japan). Digital images were processed with Adobe Photoshop version CS2 (Adobe Systems, San Jose, CA).
Generation of anti-Psy1 antibody. A GST-tagged protein of Psy1 produced in E. coli was used for the polyclonal antibodies. GST-Psy1 was obtained as follows: A 0.9-kb DNA fragment carrying the entire psy1 coding region was obtained by pTN284(psy1) 7) with BamHI and NotI. The DNA fragment was inserted into the corresponding site of the pGEX-KG(NotI), yielding pGEX(psy1). pGEX(psy1) was digested with NdeI and NotI to eliminate the C-terminal region of Psy1, and was self-ligated, yielding pGEX(psy1ÁC). The cohesive end of the fragment was filled in with KOD polymerase (Toyobo, Osaka, Japan). pGEX(psy1ÁC) was transformed into E. coli BL21. The fusion protein was purified with Glutathione sepharose (GE Healthcare, Little Chalfont, UK) and used to immunize a rabbit. The rabbit sera produced a 33-kD protein in crude yeast extracts on western blotting. In affinity purification, the sera were loaded onto an AffiGel-15 (Bio-Rad, Hercules, CA) column containing the purified GST-tagged Psy1, and eluted with 0.2 M glycine-HCl (pH 2.6). The eluates were immediately dialyzed against PBS containing 30% glycerol and used in western blot analysis.
Results

Isolation of sporulation-deficient psy1 mutants
To determine whether Psy1 is involved in sporulation, an attempt was made to isolate sporulation-deficient mutants by random PCR mutagenesis (see ''Materials and Methods''). The resulting library was digested at the NdeI site within the psy1 gene and then integrated at the psy1 þ locus of wild-type cells (TN29). Approximately 30,000 colonies of transformants on SSA plates were then exposed to iodine vapor. Five iodine-negative (white) colonies were selected and inspected for zygotic ascus formation. These mutants, designated psy1-S1 to psy1-S5, all exhibited sporulation defects. Here we report on the psy1-S1 mutant, because it was found to exhibit a severe sporulation-defective phenotype (Fig. 1A) . Because none of the meiosis-defective (mei/ mes) mutants isolated to date are able to initiate sporulation, 30) it is possible that psy1-S1 is also impaired in meiosis. Hence, we examined meiotic nuclear divisions in psy1-S1. The kinetics of meiotic division in the diploid YM101, homozygous for psy1-S1, was monitored by nuclear staining with DAPI. First and second meiotic divisions proceeded with similar kinetics to the isogenic wild-type strain YM100 (Fig. 1B) . The final yield of tetranucleate cells reached about 90%. These results suggest that the psy1-S1 mutant is able to complete meiosis but is defective in ascospore formation.
In addition to causing a defect in ascospore formation, the psy1-S1 mutation compromised vegetative growth. As shown in Fig. 1C , the psy1-S1 mutant grew well at 25 and 30 C, but exhibited severe growth defects at 35 and 37
C. Thus the psy1-S1 mutation confers temperature sensitivity for growth. Next, we determined the mutated site in the psy1-S1 allele. The mutant gene was isolated from genomic DNA by PCR. Nucleotide sequencing indicated that psy1-S1 resulted from a single nucleotide change (T to C) that replaced leucine 139 with proline (Fig. 1D) . We refer to the protein product of psy1-S1 as Psy1
L139P . Generally, members of the syntaxin family have three typical domains, Habc, a SNARE motif, and a transmembrane domain. The N-terminal Habc domain consists of three -helix bundles Ha, Hb, and Hc, 31, 32) which inhibit formation of the t-SNARE complex.
33) The SNARE motif is essential for interaction with other SNARE proteins to form the complex. Leucine 139 is located in the Hc bundle (Fig. 1D) .
Psy1 is essential for expansion of the FSM
The sporulation defect in the psy1-S1 mutant was examined in greater detail. During meiosis II, SPBs change structurally from a compact dot to a crescent shape as viewed by fluorescence microscopy. 4) This SPB modification appears to be indispensable for spore formation. 5, 6) However, immunostaining of the SPB showed that crescent-shaped SPBs were present in psy1-S1 mutant cells at a frequency comparable to that observed in wild-type cells during the second meiotic division (data not shown). Therefore, the sporulation defect in the psy1-S1 mutant appears not to be due to a defect in SPB modification.
Next we investigated the assembly of FSMs in the psy1-S1 mutant. The assembly process was traced using GFP-tagged Spo3, an FSM-resident protein. 7) Overexpression of Spo3 did not suppress the sporulation defect of psy1-S1. The progression of meiosis was monitored by observing the elongation of spindle microtubules. In the wild-type cells, the Spo3-GFP fluorescence signal was observed as a pair of semicircles near the nucleus at meiosis II (Fig. 2A) . The semicircles then expanded in concert with sister chromatid separation, and eventually closed to encapsulate each meiotic nucleus at the end of meiosis II (Fig. 2B) . In the psy1-S1 cells, FSM formation initiated near the SPBs, although 3 4 5 6 7 8 9 101112 Wild type psy1-S1
Habc Fig. 1 . Phenotypes of the psy1-S1 Mutant.
A, YM23 (wild type) and YM18 (psy1-S1) were sporulated on SSA medium at 25 C for 4 d. Bar, 10 mm. B, Kinetics of meiosis in wild-type cells and in a psy1-S1 mutant. YM100 (wild type) and YM101 (psy1-S1) precultured overnight in liquid growth medium (MM + N) were incubated with shaking at 28 C in liquid sporulation medium (MM-N). A portion of the culture was stained with DAPI. Meiotic cells were classified by the number of nuclei per cell. For each sample, about 500 cells were counted. This figure is based on one representative result from three independent experiments that provided similar results. Circles, mononucleate; squares, binucleate; triangles, tetranucleate cells. C, Strains YM23 (wild type) and YM18 (psy1-S1) were serially diluted, plated onto complete medium (YEA), and incubated at 25, 30, 35, or 37 C for 3 d. D, The psy1-S1 mutant allele carried a single nucleotide change (from T to C), which resulted in the replacement of leucine 139 with proline.
the FSMs appeared to be fragile ( Fig. 2A) . However, subsequent expansion of the membrane was impaired, resulting in four anucleated small prespores (Fig. 2B) . These results indicate that expansion was abnormal in the psy1-S1 mutant. We conclude that Psy1 is required for normal formation of the FSM.
Western analysis using an anti-Psy1 antibody revealed that Psy1 resolves as a 33-kDa polypeptide on SDS-PAGE (data not shown). This apparent molecular mass corresponds well with that inferred from nucleotide sequence data. As shown in Fig. 2C , we detected Psy1 in vegetative cells (0 h), and the abundance of this A, Assembly of the FSM during meiosis II. TN8 (wild type) and YM18 (psy1-S1) harboring pAL(Spo3-GFP) 7) were cultured on SSA medium for 1 d. Fixed cells were doubly stained with DAPI and anti--tubulin. In merged images, Spo3-GFP (green), -tubulin (magenta), and DAPI (blue) are shown. Bar, 10 mm. B, Assembly of the FSM in post-meiosis. Strains, culture conditions, and staining procedures are as described in Fig. 2A . In merged images, Spo3 (green) and DAPI (magenta) are shown. Bar, 10 mm. C, Western blot analysis of Psy1 and Psy1
L139P . Wild-type strain (TN8) and psy1-S1 mutant strain (YM18) precultured in liquid growth medium (MM + N) were incubated in liquid sporulation medium (MM À N) at 25 C. Protein extracts were prepared at 0 and 9 h. Protein extracts were subjected to western blot analysis with the anti-Psy1 and with anti--tubulin antibody as the loading control. D, Localization of Psy1 and Psy1
L139P during vegetative growth and sporulation. Homothallic haploid strain YM20 cells harboring integrated GFP-Psy1 (GFP-Psy1) and YM22 harboring integrated GFP-Psy1 L139P (GFP-Psy1 L139P ) were cultured on MEA medium at 25 C for 16 h. Bar, 10 mm. E, Localization of Psy1 and Psy1 L139P during meiosis. YM20 (GFP-Psy1) and YM22 (GFP-Psy1 L139P ) were cultured on MEA medium at 25 C for 16 h and strained with Hoechst 33342 to allow simultaneous observation of chromatin. Bars, 10 mm.
protein remained essentially constant after the shift of cells to a nitrogen-limited sporulation medium (9 h) although the mRNA level is significantly enhanced in meiosis. 7) Psy1 L139P was constitutively expressed, and steady-state levels of Psy1 L139P were comparable to those of wild-type Psy1. We did note that Psy1 L139P SDS-PAGE mobility was slightly less than that of wildtype Psy1 (Fig. 2C) . Nevertheless, these results suggest that phenotypes of the psy1-S1 mutant are not due simply to wholesale lability of Psy1 L139P . We also observed localization of GFP-Psy1 L139P in both vegetative and meiotic cells. Like wild-type Psy1, GFPPsy1 L139P localized to the plasma membrane in vegetative growth and to the FSM in sporulation (Fig. 2D) . Our previous study showed that Psy1 relocalizes to the FSM from the plasma membrane prior to the onset of meiosis II. The timing of GFP-Psy1
L139P relocalization was indistinguishable from that of GFP-Psy1 (Fig. 2E) . Therefore, it is unlikely that phenotypes of the psy1-S1 mutant are simply due to mislocalization of Psy1.
Genetic interaction between Psy1 and other cognate SNARE proteins
In higher eukaryotes, syntaxin 1 forms a complex with SNAP-25 and synaptobrevin, an interaction that is essential to specific membrane fusion. In addition to Psy1, S. pombe has a SNAP-25 homolog, Sec9, and a synaptobrevin homolog, Syb1, both of which are involved in sporulation 23) (Yamaoka, Shimoda, and Nakamura, unpublished data). To determine whether overproduction of Sec9 or Syb1 would suppress the psy1-S1 mutation, a multicopy plasmid harboring sec9 þ or syb1 þ was introduced into psy1-S1 strains. Both sec9 þ and syb1 þ were found to suppress the sporulation defect ( Fig. 3A and B) and the temperature sensitivity of psy1-S1 (Fig. 3C) . These data indicate that psy1 þ interacts genetically with sec9 þ and syb1 þ .
Discussion
Assembly of the FSM requires fusion of membrane vesicles.
1) Indeed, several spo genes encode components of the general secretion apparatus. [12] [13] [14] 23) Syntaxin 1 is essential for accurate membrane fusion between secretory vesicles and the plasma membrane. Fission yeast appears to have a single syntaxin 1 homolog, Psy1, that plays a role in sporulation, based on the following observations. First, psy1 þ was originally identified as a multicopy suppressor of the sporulation deficient mutant, spo3. Second, transcription of psy1 þ is enhanced during sporulation. And third, Psy1 localizes to the FSM during sporulation. 7) While these data are Fig. 3 . Suppression of the psy1-S1 Mutation by sec9 þ and syb1 þ . A, YM18 (psy1-S1) was transformed with a multicopy plasmid (pAL-KS) carrying sec9 þ , syb1 þ , or psy1 þ . Transformants were cultured on sporulation medium (SSA) at 28 C for 3 d. B, Sporulation efficiency of the transformants. Asci were counted in three independent transformants. Mean values (%) with standard errors are shown. C, Transformants were streaked on YEA medium and incubated for 2 d at 37
C.
consistent with a role for Psy1 in sporulation, little is known about the way Psy1 is involved in sporulation. In the present study, we found direct evidence that Psy1 regulates assembly of the FSM in fission yeast. Fluorescence microscopic analysis showed that FSM formation in psy1-S1 mutants initiated near the SPB during meiosis II, and that subsequent development was severely impaired, resulting in four anucleated prespores. This phenotype resembles that of the spo3, spo9, and spo14 mutants, which also exhibit defects in FSM development. 7, 12, 34) Furthermore, this same phenotype is also observed in sec9-10 mutants. This is consistent with the possibility that Psy1 and Sec9 act coordinately. Our observation that overproduction of Sec9 suppressed the sporulation defect of psy1-S1 confirms this possibility.
While Psy1 is the sole syntaxin homolog in S. pombe, two syntaxin homologs, Sso1 and Sso2, exist in S. cerevisiae. 35) Although single sso1 and sso2 mutants are viable, sso1 sso2 double mutants are not, indicating that Sso1 and Sso2 provide redundant functions during vegetative growth. 36) However, during sporulation, the sso1 mutant exhibits a complete defect, whereas no obvious phenotype is observed in sso2 mutants. 36) A later study based on the use of an Sso1-Sso2 chimeric protein suggested that the specificity of SSO1 for sporulation lay partly in its amino-terminal region and in the 3 0 -untranslated region of the SSO1 gene. 37, 38) An examination of the sporulation defect in sso1 cells revealed that prospore membranes (which correspond to the FSM in S. pombe) are absent in the mutant. These data indicate that Sso1 plays a crucial role in the fusion of vesicles to form the prospore membrane.
Members of the syntaxin family of t-SNAREs have an N-terminal domain termed Habc, in addition to a transmembrane anchor and an adjacent SNARE motif. 32) Habc interacts intramolecularly with the syntaxin SNARE motif to generate a ''closed'' conformation. 33, [39] [40] [41] [42] This closed conformation inhibits syntaxin from forming complexes with other SNAREs. The site of the psy1-S1 mutation is in Hc. One possibility is that the mutation inhibits a conformational change from ''closed'' to ''open,'' reducing affinity for the other t-SNARE, Sec9. The fact that overproduction of Sec9 suppressed the phenotype of psy1-S1 confirms this possibility. The psy1-S1 mutant is temperature-sensitive for growth, yet exhibits a sporulation-defective phenotype at temperatures permissive for proliferation. Perhaps Psy1 plays a functional role in sporulating but not in vegetative cells at these permissive temperatures. Alternatively, the threshold activity level of Psy1 required for sporulation might be higher than that required for vegetative growth. We favor the latter model, because other sporulation mutants, such as spo20-KC104 and sec9-10, also display a sporulationdefective phenotype at temperatures permissive for proliferation. 13, 14, 23) In summary, we found that a fission yeast syntaxin homolog, Psy1, plays a crucial role in sporulation, especially in the biogenesis of the FSM. The present study together with our previous work 7, 23) indicates that spore formation accompanies a dynamic membrane fusion process that occurs under the strict control of the plasma membrane SNARE proteins.
